Although the stratification of the upper Arctic Ocean is mostly salinity-driven, the sea 3 surface salinity (SSS) is still poorly known in the Arctic, due to its strong variability 4 and the sparseness of in-situ observations. Recently, two gridded SSS products have 5 been derived from the European Space Agency's (ESA) Soil Moisture and Ocean 6 Salinity (SMOS) mission, independently developed by the Barcelona Expert Centre 7 (BEC) in Spain and the Ocean Salinity Expertise Center (CECOS) of the Centre Aval 8
Introduction 35
The sea surface salinity (SSS) plays a key role to track hydrological processes in the 36 global water cycle through precipitation, evaporation, runoff, and sea-ice 37 thermodynamics (Vialard and Delecluse, 1998 freshwater flux is regarded as one of the least constrained parameters due to the 51 small-scale features of river discharge, precipitation, and glacial/sea-ice melt (e.g., 52
Tseng et al., 2016; Furue et al., 2018). In general, to avoid salinity drift in the models, 53 the sea-surface freshwater flux is adjusted directly or by restoring SSS to its 54 corresponding climatological value. 55
Monitoring SSS from space is crucial for understanding the global water cycle and 56 the ocean dynamics, especially in the Arctic Ocean where our knowledge of the SSS 57 variability is limited due to non-homogenous and sparse in-situ data. The European 58 The BEC SSS product was generated from ESA L1B (v620) products (SMOS-BEC 140
Team, 2016), and accumulates the salinity data over 9 days with a spatial grid 141 resolution of 25 km for the period of 2011-2013. Using a non-Bayesian approach 142 systematic bias of the L1B salinity data is debiased against reference SSS 143 extrapolated from Argo float at 7.5 m depth, which are provided by the Coriolis data 144 center (www.coriolis.eu.org). For further processing detail, see Olmedo et al. (2016) . 145
The bias corrected data are spatio-temporally interpolated to the L3 binned maps. 146
Then their anomaly is blended with WOA09 SSS climatology (Antonov et al., 2010) 147 using optimal interpolation with 300 km influence radius to produce the final L3 148 regularly gridded, daily SSS product (OA L3 SSS). The OA L3 SSS maps are served 149 daily on regular 25 km grids for an average period of 9 days. 150
• CEC product 151
The third version of LOCEAN SMOS SSS L3 maps (L3_DEBIAS_LOCEAN_v3) were 152 released by the CECOS of CATDS in July 2018. These SSS maps with 9 days 153 accumulation period at every 4 days are provided from 16 th January 2010 to 25 th
154
December 2017. These products, using Equal-Area Scalable Earth (EASA) Grid in 155 which pixels have a constant area and longitudes are equally spaced but not 156 latitudes, have a spatial resolution of 25km freely available on FTP: ftp.ifremer.fr (last 157 access: December 2018). Beginning from the ESA L1B products, the BTs are 158 reconstructed under apodization window and interpolation procedure (Vergely and 159 Boutin, 2017). Based on a semi-empirical ocean surface model developed internally, 160 three different forward models in the L2 processors are implemented for the SSS 161 retrieval and relevant geophysical parameters (SST, wind, etc.). Only one of these 162 three SSSs from the L2 processors are used as L2OS on an EASE grid, similar to 163 ESA L2OS (v622) products. Using the Bayesian retrieval approach (Kolodzejczyk et 164 al., 2016), the SMOS systematic errors in the vicinity of continents are migrated to 165
improve the product quality. Further, 'de-biasing' method (Boutin et al., 2018), an 166 improved technique to correct systematic biases, has been used in this version of the 167 CEC product, where the non-Gaussianity distribution of SSS is taken into account, 168 refining the latitudinal correction at high latitude, and preserving the naturally 169 seasonal variability of SSS. which varies seasonally as indicated by observations. Due to the poor knowledge on 183 the river discharge into the Arctic, a monthly climatology is calculated by the 184 precipitation from the ERA interim (Simmons et al, 2007) averaged over 20 years, 185 which was ingested to the Total Runoff Integrating Pathways (TRIP, Oki and Sud, 186 1998) hydrological model. In the model, the river discharges are treated as an 187 additional mass exchange by a negative salinity flux. Near the surface, to avoid the 188 salinity drift (Tseng et al., 2016; Furue et al., 2018) , a weak relaxation to the 189 climatological SSS (30 days decay) is used as most of other ocean models adopted 190 to constrain the areas where the difference to climatology is less than 0.5 psu. 191
In order to obtain a reliable and dynamically consistent reanalysis in the Arctic 192
Ocean, the deterministic EnKF (DEnKF; Sakov and Oke, 2008) has been 193 implemented in TOPAZ with an ensemble of 100 model members which are driven 194 by 6-hourly perturbed atmosphere forcing from EAR interim. In the system, various 195 ocean and sea-ice observations (e.g., Xie et al., 2016 Xie et al., , 2018 observations. The related SSS product from this reanalysis is named TP4 here after. 201
• SSS from the multivariable Optimal Interpolation dataset 202
The CMEMS product of MULTIOBS_GLO_PHY_REP_015_002 (Verbrugge et al., 203 2018) combines the SSS observations from in-situ and satellite data, using optimal 204 Ocean Sci. Discuss., https://doi.org/10.5194/os-2018-163 Manuscript under review for journal Ocean Sci. (1) 257
Where p is the evaluated times, 9
: is the valid salinity from different sources at the ith 259 time, which is compared to the referred salinity field si and Hi is the observation 260 operator if needs to project 9 : into si. 261 Figure 2 shows the monthly means of SSS in March and reveals considerable 262 differences in the two SMOS products. Notable differences are found in the Nordic 263 Seas, Barents Sea, and around Labrador Sea in Northern Atlantic Ocean. In general, 264 overall SSS maps from SMOS products are consistent with SSS of the two 265 reanalysis products and the two climatology products, although the BEC SSS tends 266 to be more saline than the CEC. It is noticeable that the location of sea-ice edge in 267 the two SMOS products marches well with that of the TP4 reanalysis (Fig. 2a, d) . consistent with the result in the PHC (Fig. 2c) . The features mentioned above, 274 especially the minimal center in the Beaufort Sea, are missing in MOI and WOA (Fig.  275 2e, f). The MOI and the WOA also show commonly a potential artificial projection 276 issue around the North Pole. 277
As a contrast in summer, Fig. 3 shows the SSS fields in September respectively from 278 the SMOS products, the reanalyses and the climatologies. Considerable differences 279 in the two SMOS products are also found in The deviations in the northern Atlantic in MOI (Fig. 4d ) and the two climatology 305 products are surprisingly small (Fig. 4b, e) . However, over the sea-ice covered region 306 and its surrounding sea waters, the differences are rather significant. The PHC has a 307 relatively small negative deviation over the majority of the Arctic and north Atlantic 308
Oceans (Fig. 4b) . However, around the sea-ice edge, the deviations are much larger. 309
On the other hand, MOI and WOA have strong positive deviations over the Eurasian 310 basin (> 1 psu), with respective RMSD of 4.21 and 3.29 psu in the whole Arctic 311
region. 312
In September (Fig. 5d, e) , the SSS deviations of MOI and WOA still show an 313 anomalously large RMSD of 2.96 and 2.28 psu respectively. The averaged SSS 314 deviation of PHC (Fig. 5b) becomes slightly less than in August mainly due to the 315 positive deviations along the sea-ice edge in the marginal seas. Although the two 316 SMOS SSS products from SMOS have the smallest deviation among the five 317 products (Fig. 5a, c) with RMSD less than 1.5 psu, the CEC has surprisingly strong 318 positive deviation of 0.42 psu along the marginal and coastal seas in contrast to the 319 negative deviation over the same area in August (Fig. 4) . 320
The mean and RMSD of monthly mean SSS deviations for the five products relative 321 to TP4, are averaged over the Arctic domain and their time series are plotted in Fig.  322 6. Among the five products, MOI appears the strongest seasonality with the values 323 more than 4 psu for its RMSD deviation during July and August and around 2 psu 324 during the winter months. The corresponding mean deviations of MOI are over -2 psu 325 during summer months and -0.5 psu during winter months. WOA has the second 326 largest seasonality with RMSD deviation more than 3 psu during summer and a 327 mean deviation of about -1.5 psu. This suggests the MOI SSS is quite close to the 328 WOA in the Arctic domain. As for PHC, the RMSD varies around 1.5 psu through the 329 year, and its mean deviation has a significant seasonality of the mean deviations 330 over -0.5 psu during summer and less than 0.5 psu during winter. The RMSD 331 deviations show relatively weak seasonality in the two SMOS SSS products. During 332 summer months, the RMSDs of both products are about 1.5 psu, while during winter 333 months the RMSDs of BEC and CEC vary respectively about 0.5 and 1.0 psu. 334
Throughout the whole year, the RMSDs of BEC are consistently smaller than that of 335 
Evaluation by in-situ observations 339
Referred to Eqs. 1-2, the quantitative misfits of SSS products from the SMOS, the 340 reanalyses and the climatologies are calculated against the discrete in-situ 341 observations described in Section 2.3. For TP4 and BEC, the SSS evaluation is 342 conducted on the in-situ observing dates. For CEC and MOI, the corresponding 343 evaluation is made at the product date nearest backwards in time to the observing 344 dates. For PHC and WOA, the in-situ observations are sorted to monthly bin and 345 evaluated in each month. As shown in Fig. 1a , the SSS observations from CORA5.1 346 during the three years are distributed unevenly over the pan-Arctic area. Due to the 347 non-homogenous distribution of the observations, the evaluation of the gridded SSS 348 products against in-situ observations is limited to the observational-dense domains. 349
Here, we specifically focus our evaluation over the two domains: the northern Atlantic 350
Ocean during the entire period and the Beaufort Sea during summer seasons when 351 the surface is exposed owing to the sea ice melting. 352 353
In the northern Atlantic Ocean and Nordic Seas 354
In the northern Atlantic Ocean including the sub-regions from S4 to S7 (Fig. 1a) , 355 23626 salinity observations are available for this evaluation, corresponding to more 356 than 97% of all valid observations over the Arctic domain from CORA5.1. Figure 7  357 shows the mean deviation of SSS for each product during the years of 2011-2013. 358
Over the northern Atlantic oceans including the Norwegian Sea and the Greenland 359 Sea, the considerable negative biases (<-0.16 psu) are shown in the products of 360 CEC, PHC and WOA (Fig. 7c, d, f) . Among of them, the CEC shows significantly high 361 spatial variability. The SSS products of BEC, TP4 and MOI (Fig. a, b, e) have the maximal deviation among the six products can be found about 1.0 psu in the 377 CEC (Fig. 8d ) in which high spatial variability is also profound. The minimal deviation 378 among them is found about 0.4 psu in the MOI (Fig. 8e) , in which similar magnitude 379 of the RMSDs are distributed over the entire domain relatively evenly. The deviations 380 of PHC and WOA (Fig. 8c, f) also show relatively evenly distributions around the 381 average of 0.51 and 0.59 psu respectively. In case of the BEC (Fig. 8a) , the 382 averaged RMS deviation about 0.57 psu is partly attributed to the strong deviations 383 along the southern Norwegian coast and near the sea-ice edge in the Greenland 384 Sea, which also are found in the CEC. Owing to these high RMSD values along the 385 coast and the ice edge, the RMSD of the BEC is obviously higher than that of about 386 0.4 psu evaluated by SMOS-BEC Team (2016). As for TP4 (Fig. 8b) , we can confirm 387 that the SSS near the coast also are subject to strong deviation. Despite the RMSD 388 deviation in the TP4 over the open sea is less than 0.3 psu, but the averaged 389 deviation in the entire domain reaches to 0.61 psu. 390
Around the core Arctic region (S0-S3 in Fig. 1a) , the western Barents Sea (S3 in Fig.  391   1a) is the only sub domain where the in-situ data from CORA5.1 covers densely 392 having 509 SSS observations. We expect a high reliability in the estimation of SSS 393 uncertainty over this area. The RMSDs for BEC, TP4 and MOI are around 0.35 psu, 394 around 0.5 psu for the climatologies, and growing up to 1.36 psu for CEC (see Table  395 1). In contrast, the sea-ice covered regions of S0, S1, and S2 are monitored by 396 CORA5.1 quite sparsely with number of SSS observations 19, 36, and 59 397 respectively during the three years. Thus, relevance of the evaluated bias and RMSD 398 in these regions are questionable. Next, we evaluate the SSS products over the 399
Beafort Sea against in-situ data fully independent from CORA5.1 to avoid using the 400 salinity profiles have been assimilated in the TOPAZ reanalysis. The CEC SSS ranges from 18 psu to 34 psu which is significantly wider than the 430 range of the BEC. The SSS bias of CEC is about 2.7 psu and its RMSD is about 3.9 431 psu. Again, the CEC deviations from the in-situ observations become wider in the 432 range where the SSS is less than 24 psu. For the MOI, the satellite and in-situ data 433 combined product, a negative bias is significant of more than 4 psu and the RMSD is 434 more than 7 psu. Contrast to other five SSS products, the anomalously fresh SSS 435 In order to characterize dependencies of the bias for the six SSS products against 438 the in-situ data, their absolute biases are paired plotted as a function of observed 439 SSS in Fig. 10 . In general, all products show considerable deviations by the maxima 440 reaching 8 to 14 psu. While the absolute misfits of the most of SSS products 441 monotonically increase towards lower salinity range, the bias of MOI shows its peak 442 around 20 psu shown in Fig. 10c . The fourth-order polynominal curve function, 443
is then fit to the absolute bias for each of the SSS products, where S represents the 445 in-situ salinity. The fitting coefficients from p1 to p5 for each product are listed in Table  446 2. The norm residuals printed on each panel of (Fig. 4, 5) . This significant negative bias of the CEC should be 474 paid further attention in future evaluation studies about this SSS product. In general, 475 the most significant differences among the SSS deviations relative to the TP4 are 476 found under the Arctic sea-ice cover and in its surrounding marginal seas. 477
The BEC SSS in August and September (Fig. 4, 5) shows consistent negative 478 deviations along the sea-ice edge in the Beaufort Sea and the Chukchi Sea, but the 479 CEC along the ice edge shows the opposite deviations in these two months. This 480 indicates special attention is necessary for selecting a suitable SMOS SSS product to 481 be assimilated into an ocean and sea-ice forecasting system. The two SMOS 482 products would give rise to significantly different impacts to the concerned ocean 483 mixing so that the SSS quantitative evaluations of two products for optimal selection 484 or blending would be worthy of further studying. 485
Focusing the core Arctic domain (>60°N), the deviations of the five SSS products 486 relative to the TP4 show the diversely seasonal characteristics (Fig. 6) . The MOI has 487 the largest seasonality in which the RMSD varies from over 1.5 psu in winter to over 488 4 psu in summer. The second largest seasonality can be found in the WOA with the 489 RMSD ranges from 1.5 psu to 3.5 psu. The RMSDs of CEC and PHC show similar 490 seasonality, but their mean deviations have opposite phases. The CEC has positive 491 bias (>0.5 psu) in September and October, and negative bias (<-0.5 psu) in February 492
and March while the PHC has negative deviation during the summer months (June-493 October) and positive deviation during the winter months (December-April). Last of 494 all, the BEC SSS shows negative bias of less than 0.5 psu for all months, and its 495 RMSD has the smallest magnitude among the six SSS products, which ranges from 496 about 0.5 psu in winter months to about 1.5 psu in summer months. This concludes 497 that the BEC SSS has the most consistent pattern with the TP4 among all the 498 evaluated SSS products. 499
Against the in-situ data from CORA5.1 which have been used in the TP4 and the 500 MOI, the quantitative evaluations of the six SSS products have been investigated in 501 the northern Atlantic Ocean and the Nordic Seas, but in the sea-ice covered region 502 they are hindered by the sparse observations in the Arctic. In the northern Atlantic 503
Ocean domain, the MOI and the TP4 have relatively small misfits against in-situ data 504 (Fig. 7, 8 ). For two climatology datasets, the WOA and the PHC, both show 505 considerable negative bias (<-0.16 psu) and large RMSD (>0.5 psu). The CEC 506
shows the biggest RMSD (>1 psu) among all the six SSS products and mostly 507 negative bias (<-0.16 psu) with high spatial variability. Similar strong positive salinity 508 biases along the south-west Norwegian coast and along the south-west coast of 509
Greenland Island, are also found in the BEC but smaller than that in the TP4. 510
Highlighting in the Beaufort Sea, there are 193 valid SSS observations from BGEP 511 and CLIVAR, which have not been used in the TP4 and much denser than the 512 corresponding coverage in CORA5.1 (Fig. 1a) . The linear regression against these 513 independent SSS observations suggests the BEC has the smallest RMSD of 2.63 514 psu with a positive bias of 0.65 psu, and the CEC has larger RMSD of about 3.9 psu 515 with a larger positive bias of 2.71 psu (Fig. 9) . Equivalently, the TP4 also shows large 516 RMSD of about 3.85 psu with a large positive bias of 2.73 psu, but they are obviously 517 smaller than the corresponding misfits of the MOI which has the RMSD of 7.18 psu 518 with larger negative bias of -4.3 psu. As for the two climatologies, the WOA and the 519 PHC both have RMSD more than 3 psu but with significantly small bias in the WOA. 520
Overall, the large uncertainty found in a linear regression of all products is attributed 521 to large product-observation mismatch for in situ salinity data less than 24 psu, which 522 are observed over the continental shelf near the estuary of Mackenzie River. 523
In order to characterize the product-data misfits, the absolute deviations of all six 524 products against in-situ data, the 4th order polynomial function is fitted to the 525 deviation as a function of observed salinity (Fig.10) . The absolute deviations of most 526 of the products except for MOI monotonically decrease as observed salinity increase. 527
The norm residuals for BEC and TP4 are the smallest of 6.28 and 6.88, respectively, 528 among all six products and the fitted curves give certain confidence in estimating size 529 of error in each SSS products. The fitted curve reaches its smallest value of about 530 0.5 psu at the in-situ salinities of 28 psu and 30 psu for BEC and TP4 respectively. 531
Both fitted curves for CEC and MOI have large norm residuals of 16.7 and 64.20 532 respectively. Note that special attention must be paid in if applying the MOI in the 533 Arctic Ocean due to its large negative bias and RMSD, although its smallest misfits 534 against CORA data in the northern Atlantic oceans among others. 535
Validation of the SSS products against TP4 product and in situ data conducted above 536 suggest certain benefit can be expected in assimilating the SMOS product like the 537 BEC, into the TOPAZ Arctic ocean analysis-forecast system. The knowledge on error 538 
